Diameters of the exposed femoral artery of anesthetized dogs were continuously measured with ultrasonic elements of lead zirconate titanate. In 13 of 16 dogs vascular diameters increased following a sudden increment in arterial blood flow induced by the injection of vasodilat i ng agents (acetylcholine, histamine) peripheral to the recording level, by opening an arteriovenous shunt, or after tetanic stimulation of die sciatic nerve. The dilatation response occurred despite slight reductions in femoral blood pressure, and was present after ganglionic blockade, blockade of alpha and beta receptors with phenoxybenzamine and propranolol, atropinization and injection of an antihistamine. The dilatation response was also observed after transsection of the femoral artery distal to the recording level and is therefore not dependent on the retrograde propagation of nervous or myogenous impulses along the vascular wall.
ADDITIONAL KEY WORDS arterial diameter arterial smooth muscle arteries autorcgulation blood circulation blood pressure ultrasonic vasodilator agents vasomotor system • A conduit vessel, such as the femoral artery, varies in diameter with blood pressure (1) . If this were the only mode of regulation, an increase in blood flow induced by arteriolar dilatation would result in an increased pressure drop along the artery. As a consequence of the reduction in arterial blood pressure towards the periphery, the vascular diameter of the conduit vessel would decrease. However, several previous investigators (2) (3) (4) , using plethysmographic methods, have found that increased blood flow was associated with an increase in the cross section of the femoral artery. Similar dilatation responses were obtained whether femoral blood flow was raised by stimulation of the sciatic nerve, injection of acetylcholine or injection of other vasodilators into the artery peripheral to the plethysmograph. Schretzenmayr (2), Fleisch (3) , and Hilton (4) found that mechanical or chemical trauma to the arterial wall distal to the plethysmograph extinguished the response. It was therefore thought that the dilatation response was caused by retrograde propagation of a stimulus from the arterioles. The dilatation response was often absent before the interruption of the peripheral conduit, and the trauma to the vascular wall close to the plethysmograph might also have contributed to the abolition of the response. The possibility should therefore be considered that the dilatation response is caused by a local mechanism and is not dependent on the propagation of a stimulus from the periphery.
In the present study the dilatation response has been reexamined in anesthetized dogs, using an ultrasonic technique for measurement of vascular diameters in various planes. After confirming the existence of a dilatation response, its dependency on an intact nerve supply and on an intact peripheral conduit 728 LIE, SEJERSTED, KIIL was investigated. The effects of adrenergic, cholinergic, and sympathetic ganglion blocking agents were studied under conditions of intact circulation. In other experiments the dilatation response was examined after having transsected the femoral artery distal to the recording level and reestablished the circulation by means of a plastic tube.
Methods
Experiments were performed on 16 mongrel dogs weighing 15 to 25 kg. The dogs were anesthetized with sodium pentobarbitone (Nembutal), 25 mg/kg, iv, and additional doses were fhjected throughout the experiments via an indwelling catheter into the forelimb vein. To ensure free airways, the dogs were intubated.
In the first experiments, the whole femoral artery distal to the inguinal ligament was exposed by one longitudinal incision. The technique was modified in later experiments, so that two small segments of the artery were exposed. Care was taken to avoid damage to the femoral artery which was covered by a swab soaked in saline. Through a small incision over the subsartorial canal, the saphenous artery was cannulated for the registration of femoral arterial pressure (FAP), and an electromagnetic flow probe was placed on the femoral artery. Blood flow was measured with a Nycotron (Oslo) square-wave electromagnetic flowmeter. The flow probes, which fitted the artery snugly, had gap diameters of 3 or 3.5 mm. A Statham manometer P23Gb was used for measuring femoral arterial pressure, which together with mean and phasic flow was recorded on a multichannel Sanbom direct writer.
At mid-thigh level, 4 to 5 cm proximal to the first incision, another longitudinal incision was made, the femoral artery exposed, and one or two pairs of ultrasound piezo-electric ceramics of lead zirconate titanate were attached to the arterial wall so that the elements of each pair were placed diametrically opposite to each other, 3 to 4 cm proximal to the origin of the saphenous artery.
In applying the elements, die transmitter element was first sutured to the vessel, and the receiver element then fastened where optimal ultrasound signal was obtained as recorded on a two-channel oscilloscope.
The method used for recording the ultrasound signal was as described by Rushmer (5), with minor modifications (6) . In principle, the element serving as transmitter delivered ultrasound pulses at repetition frequency of 1000 Hz. The transit time of the signals between the elements was continuously recorded. The speed of the ultra-sound is almost identical in blood and saline-approximately 1500 m/sec-and is not influenced by variations in blood flow. A direct proportionality therefore exists between the transmission time and the distance between the elements. The first, and usually the strongest, ultrasonic echo was triggered on. The diastolic diameter was assessed by reading the oscilloscopic tracing on a Tektronix 581A yielding an accuracy of about 5%. Calibration of the recordings was performed by generating a 0.667-/xsec delay corresponding to a variation of 1 mm in distance. Variations in distance down to 0.001 mm can easily be recorded, but in the arterial recordings the noise level, including spontaneous variations in vascular diameter, was about 0.01 mm. Distortion or loss of signals rarely occurred during the recordings, which lasted from 1 to 4 hours. Artefacts caused by shift of echo were detected by following the oscilloscopic tracing.
A sudden increase in femoral arterial flow without increasing femoral arterial blood pressure was induced by intra-arterial injections of vasoactive drugs, by tetanic stimulation of the calf muscles, and in one case by the opening of an arteriovenous shunt. Acetylcholine (in a dose of 1-20 ^tg) or histamine (in a dose of 1-4 yxg) was injected distal to the level of diameter recordings into the catheter in the saphenous artery used for pressure measurements. Tetanic contractions were induced by electric stimulation of the sciatic nerve exposed through a dorsal incision. The nerve was stimulated by means of a Grass stimulator S4G, at 4v, with pulses of 1-msec duration and at a frequency of 30 Hz. The stimulation jperiod lasted 30 seconds.
After control observations, the response to a sudden increase in flow was examined either after the intravenous infusion of one of several blocking agents or after transsectdon of the femoral artery distal to the recording level. Alpha receptors were blocked by phenoxybenzamine (Dibenylin) in a primary dose of 2 mg/kg. Beta receptors were blocked by propranolol (Inderal) in a primary dose of 0.5 mg/kg. The effect of acetylcholine was blocked by atropine (0.5 mg/kg). Ganglionic blockade was produced by pentolinium tartrate (Ansolysen), 6 mg/kg, and the histamine effect was blocked with mepyramine in a dose of 1.5 mg/kg (7) . A reduction in systemic arterial pressure was counteracted by the intravenous infusion of dextran.
After control observations in other experiments, the left femoral artery was transsected immediately distal to the saphenous artery and connected to a wide-bore polyvinyl tube. In two experiments, circulation was reestablished by connecting the peripheral end of the tube to the distal end of the transsected right femoral artery. During recording
Rutarch, Vol. XXVII, tior*mitr 1970
FLOW AND FEMORAL ARTERIAL DIAMETERS 729 of the left femoral artery diameter, blood flow was increased in the calf muscles of the contralateral leg by injecting acetylcholine into the tube or by stimulating the sciatic nerve. The arteriovenous shunt was arranged by connecting the tube to the ipsilateral femoral vein and recording arterial diameters before and after opening of the shunt. In four other dogs, the plastic tube was connected to the peripheral end of the transsected artery of die same leg. The segment with ultrasonic elements was isolated from its surroundings by ligation and transsect i on of all small branches between the recording level and the plastic tube. In two of these experiments, the artery was cut proximal to the site of the ultrasonic gauges, and blood flow reestablished by a second polyvinyl tube. Measurements of temperature in the adventitia and in arterial lumen were performed by means of thermocouples placed just distal to the vascular segment under investigation.
Results
Phasic Ciwnges.-Typical recordings of the pulsatile variations of the diameters of the femoral artery, together with phasic arterial pressures and flow patterns, are presented in Figure 1 . The onset of increase in diameters coincided with the increase in pressure and flow, but the peak diameter was delayed FAP mmHg approximately 50 msec compared with peak pressure and flow. The amplitude of the diameter pulsations varied with blood pressure and the position of the ultrasound elements, and was about 2% of the diameter under control conditions. Increments in pulse rate, as after administration of atropine, had no effect on the amplitude of the diameter pulsations.
Dilatation Response.-Changes in the femoral arterial diameter occurring during a sudden increase in flow were similar whether the increase in flow was induced by stimulating the sciatic nerve or by infusing a vasodilating agent, such as acetylcholine or histamine, into the arterial blood stream peripheral to the recording site. Typical recordings are presented in Figures 2 and 3. During tetanic contractions of the leg muscles, induced by stimulation of the sciatic nerve for 30 seconds, femoral arterial pressure, blood flow, and femoral arterial diameter were reduced. After discontinuing stimulation of the sciatic nerve ( Fig. 2 ), or during injection of acetylcholine ( Fig. 3 ), femoral arterial flow increased by 20 to 470 ml/min (Table 1) . A latency period of 10 to 45 seconds elapsed before the artery increased in diameter (Table   Mean FAP Femoral arterial dilatation response after tetanic stimulation of the sciatic nerve (stim.). FAP = femoral arterial blood pressure.
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Changes in Femoral Arterial Diameter during Femoral arterial dilatation response after acetyl-choHne injection in femoral artery distal to the level of diameter recordings. Diameter I is perpendicular to diameter II. Recording of femoral arterial blood pressure (FAP) was switched off during acetylcholine injection. ACh = acetylcholine. 1). The rate of increase varied considerably, and the largest diameter was reached in the course of 20 to 50 seconds. When the hyperemic period was of short duration, maximal diameter was reached at a time when control flow was virtually reestablished (Fig.  3) .
Arterial diameters returned slowly to control values, the return being markedly delayed compared to flow. The amplitude of the pulsations in diameter usually decreased* as the artery dilated and returned to control values and as the control arterial diameter was reestablished. Absolute amplitudes of the pulsations measured simultaneously in two planes at right angles might differ, as shown in Figure 3 , or be quite similar, as shown in Figure 6 , but the directional responses were the same in all recordings, indicating that an actual cross-sectional enlargement of the femoral artery had taken place. The possibility that the dilatation of the femoral artery was caused by recirculation of acetylchoHne was examined by injecting acetylchoHne into the artery of one leg while measuring pressure, flow, and diameter of the femoral artery in the opposite leg. If large doses (10 to 20 fig) were injected rapidly, a small transient decrease in all parameters could be seen, probably induced by the systemic pressure drop. Stimulation of the sciatic nerve of the contralateral leg failed to induce a dilatation response.
An arterial dilatation response could be demonstrated in 13 of 16 dogs. In two of the three dogs that did not respond, hemorrhage was present in the arterial wall near the ultrasonic gauges. In 10 dogs the dilatation response was eHcited 5 to 20 times and did not change consistently during the experimental periods lasting 1 to 4 hours ( Table 1 ). The dilatation response in the three other dogs disappeared after further surgical manipulation. An increasing amount of acetylchoHne was needed to obtain the same degree of flow increment in the later part of some of the experiments (dog 7, Table 1 ).
Effect of Perfusion Pressure.-In most experiments the femoral arterial pressure was slightly reduced at the onset of the hyperemic period. Transient reductions in pressure and diameter in the initial phase of hyperemia did not seem to inhibit or delay the dilatation response.
To examine the effect of a reduction in femoral arterial pressure, the femoral artery was constricted proximal to the recording level. A fall in blood pressure was also induced by iv injection of additional doses of pentobarbitone, by sympathetic ganglionic blockade, or during stimulation of the sciatic nerve of the contralateral leg. After sympathetic ganglionic blockade, blood pressure and diameters could be increased by infusion of dextran. In one experiment, sudden increments in systemic pressure were induced by compressing the carotid arteries for a few seconds. In all these experiments, the diameters of the femoral artery varied in proportion with blood pressure. In five experiments in which two diameters were examined, both diameters showed corresponding changes when blood pressure was varied ( Fig. 4 ). An elevation of the mean perfusion pressure by 30 to 50 mm Hg was required to produce an Figure 1 . Dilatation response before and after intravenotis injection of phenoxybenzamine. Arterial blood flow was increased by acetylchoUne injection and after tetanic stimulation of the sciatic nerve. Phenoxybenxamine was administered twice in doses of 2 mg/kg, 70 and 10 minutes before reexamjnation of the vascular response. Blood pressure was maintained by dextran infusion. The pulsatile variations of the diameter were electronically damped.
Relationship between diastolic arterial diameters and mean femoral arterial pressure (left) and between the two diastolic arterial diameters during variations in blood pressure (right). Recordings are from one experiment when blood pressure feU ofter phenoxybenzamine injection and toas reestablished with dextran infusion. Definition as in
arterial dilatation of the same magnitude as that observed by increasing arterial flow. Temperature Variations and Effect of Drugs.-To examine the role of temperature changes on the dilatation response, temperature was measured in the adventitia andin the vessel had no effect on vascular dimensions. During hyperemic periods induced by acetylcholine injection, femoral arterial temperature varied by less than 0.05°C, indicating that the dilatation response was not caused by local changes in temperature. The effect of ganglionic blockade (with pentolinium tartrate) or blockade of alpha and beta receptors was examined in a total of six dogs (Table 1 ). Qualitatively similar results were obtained in all experiments. Figure 5 shows the effect of stimulation of the sciatic nerve before and after phenoxybenzamine administration. To examine the response at similar blood pressures, dextran was infused until systemic pressure was reestablished. In other experiments, the dose of phenoxybenzamine was largely increased, but did not abolish die dilatation response, which was present even after the injection of 25 mg/kg, five times the recommended maximum dose (7) (dog 2, Table 1 ).
Dilatation responses were also obtained after the administration of propranolol, indicating that the response was not dependent on beta receptors (Fig. 6) . Similarly, dependency on acetylcholine and histamine was excluded, as the response could be demonstrated in three dogs after atropinization and in one dog after intravenous injection of an antihistaminic drug, mepyramine ( Table 1) .
Isolation of the Artery Segment.-The dilatation response was present after transsection of the artery proximal to the recording level and reestablishment of arterial flow through a plastic tube (dogs 8 and 9, Table  1 ). Transsection of the femoral artery a few centimeters distal to the site of the elements Rtstsrcb, Vol. XXVll. Normt* 1970
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had no significant effect on arterial reactions. In seven dogs, dilatation responses were elicited when the artery was connected by a tube with the artery or the vein of the same extremity or with the femoral artery of the other hind limb ( Table 1) . Recordings from dog 7 before and after establishing cross perfusion are shown in Figures 3 and 6 , respectively. The response shown to the left in Figure 6 was obtained after about 10 minutes' perfusion through the cross-perfusion circuit, and the other response 20 minutes later.
Discussion
Schretzenmayr (2), Fleisch (3), and Hilton (4) found by means of oncometry that the femoral artery of cats and dogs became wider when flow through the artery was increased. Our study, using a different method, confirms these findings. Curves obtained in the present study by recording vascular diameters are similar to previous oncometric recordings with regard to delay of response and general shape.
By the oncometric method, the vessel must be completely detached from its surroundings for a few centimeters, whereas by the ultrasound method it may suffice to expose the vessel partly for a distance of 5 to 10 mm. This may be the reason why the dilatation response was more regularly observed in the present than in previous investigations. Another advantage over oncometric recordings is that the diameter recordings permit exact measurements of absolute changes. Measurements of a single diameter may not be representative, as diameters in various planes may vary differently during the dilatation response. Such heterogeneity of response possibly reflects variations in forces external to the vessel during widening. In addition, a flattened vessel may tend towards a more circular cross section when extended, in the same way as the vascular cross section becomes more circular when transmural pressure is increased.
In the present as in other studies (2-4) the increase in femoral flow was caused by stimulation of the sciatic nerve or by injection of a vasodilating agent. Retrograde flow may occur, as shown in Figure 1 , but upstream transport over several centimeters is unlikely. The similarity of response-whether a vasoactrve drug was injected or the sciatic nerve stimulated-strongly suggests that the ultimate stimulus to dilatation was the same in both cases. Circulating metabolites seem to be ruled out by the demonstration of a dilatation response after opening an arteriovenous shunt (dog 10, Table 1 ), and by the observation that increments in blood flow of the contralateral leg induced by acetylcholine or stimulation of the sciatic nerve were without effect.
When the two diameters at right angles reacted similarly, an increase in arterial flow varying from 20 to 470 ml/min was associated with an increase in diameters of approximately 2%. Assuming a vascular wall thickness of about 20% of the outer diameter (1), and unchanged area of the wall cross section during dilatation, it can be calculated that the internal diameter has increased about 635. According to Poiseuille's law for laminar flow, the vascular resistance is inversely proportional to the fourth power of the diameter. The resistance in this arterial segment has therefore decreased by about 25J. If the pressure drop in an arterial segment should remain unchanged when flow was doubled or tripled, the diameter had to increase by 20 to 30$. The present study suggests, therefore, that the dilatation of the femoral artery does not completely compensate for the increase in flow, but it should be emphasized that on account of the considerable delay of the dilatation response, a new steady state was not reached in the course of the short hyperemic periods. Systemic studies of the relationship between flow, diameter, and pressure in the femoral artery and other conduit vessels under steady-state conditions are in progress, and it is already apparent that larger increments in diameter can be induced by further increase in blood flow. Ingebrigtsen and Leraand (8) , working in our laboratory, found that opening of an arteriovenous fistula resulted in an increase in arterial diameter of more than 1035, and that the dilatation was sustained as long as blood flow remained high.
The most important finding of the present study was that the dilatation response could be elicited after transsection of the artery distal to the recording level. This observation shows that the dilatation response is not dependent on the retrograde propagation of a wave of dilatation starting peripherally at the arteriolar level. Previously proposed mechanisms, such as a retrograde vasodilator reaction caused by metabolites produced by contracting skeletal muscles (2), hydrogen ions, or a specific effect of acetylcholine (3), or a general spreading vasodilator reacti6n activated by asphyxial products formed in illnourished tissues (4) seem, therefore, to be ruled out. The most important argument of previous workers for a retrograde dilatation wave has been the long latency period before onset of dilatation. On this basis, Hilton (4) estimated the rate of propagation of the contractile wave to be approximately 10 cm/sec. On account of the slow propagation, a smooth muscle conduction hypothesis was preferred to a neurogenous transport of impulses. The multiunit smooth muscle of arteries, however, has been shown by Prosser et al. The hypothesis of a reflexogenous control with input at the arteriolar level was mainly based on the results of local administration of chemicals. Schretzenmayr (2) showed in an unknown number of experiments that local application of phenol on the vessel distal to the oncometer abolished the response. Fleisch (3) tried both cocaine and formaline, and had greatest success with 40% formaline. Hilton (4) believed he had provided final proof for retrograde conduction by dividing the femoral artery below the oncometer. It is not stated how many such experiments were performed, but the dilatation response was obtained in only half of the recordings with intact femoral artery. Under these conditions, a positive finding, as in the present experiments, outweighs numerous negative findings. In two experiments, we confirmed previous findings (3) that transsection of the artery proximal to the level of diameter recordings did not abolish the dilatation response.
As changes in the concentration of circulating metabolites and reflexogenous transmission of nervous and myogenous impulses seem to be ruled out, the dilatation response is in some way directly related to the local increase in arterial blood flow. Although it is likely that the dilatation response is caused by a relaxation of the vascular smooth muscle, definite conclusions cannot be drawn from these experiments. The presence of the response after atropinization, ganglionic blockade and blockade of alpha and beta receptors does not completely prohibit the possibility that the intrinsic nerve plexus of the vascular wall is involved. The changes in the dilatation response after arterial transsection ( Fig. 3 compared to Fig. 6 ) can possibly be ascribed to unspecific factors in connection with the surgical manipulations needed to interpose a plastic tube, but changes in nervous tone might also modify the response. The role of the sympathetic nervous system in the control of the diameter of the femoral artery has not yet been clearly defined, as sympathectomy only gives rise to a transient increase in vascular dimensions (12) (13) (14) .
The dilatation response might be caused by changes in physical factors, such as temperature and pressure. Temperature changes much larger than those induced during the hyperemic period were without effect on arterial diameters, but the role of pressure changes is less clear. Since Bayliss (15) introduced the concept of vascular autoregulation by variations in transmural pressure, vascular resistance in several organs, especially the kidney, has been found to vary more or less in parallel with the perfusion pressure over a wide range of pressures. An increase in femoral blood flow as a consequence of dilatation of the peripheral vascular bed often results in a reduction in the femoral arterial pressure. At the onset of the hyperemic period, the sharp reduction in femoral arterial pressure was associated with a corresponding reduction in femoral arterial diameter, and it is conceivable that the subsequent increase in diameter was triggered by the pressure drop. However, a sustained reduction in femoral arterial pressure, combined with a reduction in arterial blood flow, resulted in a reduction in vascular diameters, suggesting that a reduction in the vascular transmural pressure is not an important stimulus to the dilatation response. The mechanisms involved remain obscure, but the results of the present study indicate that a local control is exerted, preventing the conduit vessels from collapsing when the peripheral vascular bed of the leg is dilated.
